INTRODUCTION
The initial cortical response of the somatosensory evoked potentials (SEPs) for median nerve stimulation is the N20 wave with a latency of about 20 ms [1, 2] . The N20 arises from a tangential current generated in area 3b, the posterior bank of the central sulcus [1, 2] . Since the generators of the later responses have still not been identi®ed conclusively [1±3], the initial response (N20) is the most widely used to evaluate and localize primary somatosensory cortical functions [4] .
Trigeminal SEPs measured by scalp recording were ®rst reported by Larsson and Prevec [5] using mechanical stimulation. Other trigeminal SEP studies used either mechanical stimulation [6, 7] or electrical stimulation [8±10] and analyzed the morphology and latency of trigeminal SEPs, but not the isopotential mapping or source localization of the underlying neuronal activity [6±10] . Latencies of the scalp trigeminal SEP peaks vary from 5 to 200 ms [5±10] . Recording of stable trigeminal SEPs seems to be dif®cult due to the large stimulus artifacts and small scalp responses. Some electrocorticographic studies [11, 12] have suggested that the initial component has a latency of around 15 ms (N15) and anterior orientation. However, non-invasive recording of the N15 has not yet been achieved by scalp SEP.
Magnetoencephalography (MEG) has been used noninvasively to localize brain functions with high resolution in the temporal and spatial dimensions. MEG has also been used by a few investigators [13, 14] to evaluate trigeminal system function by measuring trigeminal somatosensory evoked magnetic ®elds (SEFs). The shortest latency of the trigeminal SEFs in previous reports was the N20-P20 due to a posterior-oriented current [13] . However, the N15 response due to an anterior-oriented current has not been recorded.
The present study attempted non-invasive recording of N15 in trigeminal SEFs using a higher stimulus intensity and longer interstimulus interval than in previous studies to gain a better signal to noise ratio. Planar-type gradiometers were also useful to minimize stimulus artifacts [15] .
MATERIALS AND METHODS
Eleven healthy subjects, 10 males and one female, aged 21±46 years (mean 30.6 years), participated in this study. Trigeminal SEFs were measured for stimuli on the right and left side of the lower lip. A clip electrode (made at our hospital) was attached to the surface of the mucous membrane of the lip. The electric stimuli were constantcurrent biphasic pulses of 0.2 ms duration. The stimulus intensity was nine times greater than the sensory threshold and the stimulus frequency was 0.7 Hz. Median nerve SEFs were measured for comparison with trigeminal SEFs. The electrical square wave of 0.3 ms duration was delivered transcutaneously at 2.8 Hz to the unilateral median nerve.
One healthy male subject aged 28 years participated in a supplementary study. First, trigeminal SEFs were measured under different stimulus intensities of one, three, ®ve, seven, nine and eleven times sensory threshold and stimulus frequency of 0.7 Hz. Second, trigeminal SEFs were measured at different stimulus frequencies of 0.3, 0.7, 1.4 and 2.8 Hz and stimulus intensity of nine times sensory threshold.
The SEF signals were measured by a whole-head MEG system consisting of an array of 102 identical sensor elements, distributed over the whole head except the lower face and immersed in liquid helium (Vector View; Neuromag Ltd., Helsinki). Each sensor element comprises two orthogonal planar-type ®rst order gradiometers with a 13 mm baseline. The MEG measurements were performed in a magnetically shielded room. The subjects were in the supine position and the exact location of the head, with respect to the sensor elements, was determined by measuring magnetic signals produced by indicator currents passed through coils placed at known locations on the scalp. The positions of the coils with respect to the outer landmarks of the head were obtained by a three-dimensional digitizer. Three-dimensional magnetic resonance (MR) images (Signa Horizon LX ver8.2; GE Medical Systems, Milwaukee, WI) were obtained in all subjects with three ®duciary markers formed by small oil-containing capsules as outer landmarks.
The MEG signals were ®ltered from 0.1 to 300 Hz and digitized at 1000 Hz. The 350 ms analysis period included a 50 ms prestimulus baseline. The resulting data were averaged based on 1000 stimulus presentations for trigeminal SEF recording and 200 for median nerve SEF recording. The prominent peaks of responses were visually identi®ed and the source location corresponding to each peak latency was estimated individually using the equivalent single current dipole model. The dipole positions were then superimposed on the MR images. Table 1 summarizes the latencies of the contralateral and ipsilateral responses following lower lip stimulation and median nerve stimulation. The initial response of the lower lip SEFs was named N15m, because the latency was 14.6 AE 1.3 ms. Similarly, the second response was called P23m. N15m and P23m are contralateral responses, corresponding to the N20m and P30m of the median nerve SEFs, as shown in Fig. 1 . Onset of the ipsilateral response of trigeminal SEFs occurred at a mean of 34.8 ms after the stimulus. Waveforms and latencies of these bilateral responses were variable with or without sharp peaks. Thus, the onset time of the bilateral response was measured instead of the peak latency.
RESULTS
Equivalent current dipoles of the trigeminal SEFs were estimated on the posterior bank of the central sulcus as shown in Fig. 1 . Table 2 summarizes the dipole positions of the N15m relative to the N20m dipole of the median nerve SEF. The current dipole of the N15m was localized inferior to the N20m dipole. Figure 2 shows waveforms of lip SEFs in a channel with different stimulus intensities and Fig. 3 shows waveforms of lip SEFs in a channel with different frequencies in the supplementary study. Larger intensity and lower frequency of electrical stimulus evoked a larger amplitude of the N15m.
DISCUSSION
N15m, the initial cortical response of trigeminal SEFs: In the present study, the initial response of SEFs by lower lip stimulation had a latency of 14.6 AE 1.3 ms (Table 1 ) and was named the N15m. The N15m appeared only contralaterally to stimuli (Fig. 3 ). The equivalent current dipole was estimated on the posterior bank of the central sulcus with anterior±superior orientation. The N15m dipole was located 20.0 AE 6.8 mm and 15.7 AE 1.2 mm inferior to the N20m dipole of the median nerve SEFs in the left and right hemispheres, respectively (Table 2) . Thus, we conclude that the N15m is the initial cortical response of the trigeminal SEFs and compatible with the N20m of the median nerve SEFs.
Baumgartner et al. [11] reported short latency components of trigeminal SEPs to lip stimulus by cortical recording. Dipole patterns of the cortical isopotential maps indicated that the initial cortical response had a latency of around 15 ms (N15). The isopotential map of the N15 was a tangential pattern similar to the N20 of the median nerve SEPs. The equivalent current dipole of the cortical N15 was estimated in the postcentral gyrus. The N15m identi®ed in the present SEF study was compatible to the N15 response reported by Baumgartner et al. in terms of latency, orientation and localization.
Leandri et al. [10] investigated the short latency components of trigeminal scalp SEPs in detail. The N10 was the ®rst cortical response of infraorbital nerve stimulation. They also suggested that the P4, N5, P6 and N7 originated from deeper sources such as the trigeminal nucleus, trigeminal lemniscus, thalamus and thalamic radiation because of the widespread distribution. Their study stimulated the infraorbital nerve directly, whereas we used lip Stacked waveforms were elicited from the channels illustrated as black panels. Note that the ®rst and second responses had anterior and posterior orientation, respectively, for both median nerve and lip stimulus. These responses appeared contralateral to the stimulus side. Ipsilateral response of the lip SEFs appeared 37.8 ms after the stimulus. Equivalent current dipoles of these responses were estimated in the primary somatosensory cortex.
stimulus that requires cutaneous mechanoreceptors to transmit the excitation to afferent nerves. Thus, we consider that the N10 for infraorbital nerve stimulus is the initial cortical response corresponding to the N15m of the lip SEFs, and that the difference of 4.5 ms was caused by the transmission time.
We found a latency difference (LD) of 6.4 ms between the N20m of median nerve SEFs and the N15m of trigeminal SEFs ( Table 1 ). Assuming that the central conduction time of trigeminal SEFs is almost equal to that of median nerve SEFs, the latency difference is given by the expression: LD PCT med ÀPCT lip , where PCT med is the peripheral conduction time of median nerve SEFs and PCT lip is the peripheral conduction time of lip SEFs, including transmission time through mechanoreceptors in the lip. PCT med may be replaced by the latency of N13 (13.8 ms) [16] of median nerve SEPs. Therefore, PCT lip is given by: PCT lip TT lip PCT trig SD trig , where TT lip is the transmission time through mechanoreceptors in the lip, PCT trig is the peripheral conduction time of the trigeminal nerve from the lower lip to the main sensory nucleus and SD trig is synaptic delay at the main sensory nucleus. Assuming that the length of the trigeminal nerve from the lower lip to the main sensory nucleus is 15 cm and that the conduction velocity of the peripheral nerve is 70 m/s [17] , PCT trig can be calculated as 2.1 ms. SD trig can be assumed to be 0.5 ms [18] . Accordingly, PCT lip can be calculated as 7.1 ms. Finally, LD can be estimated as 6.7 ms, which is almost equal to our observed value of 6.4 ms.
This study identi®ed the N15m and P23m only contralateral to the stimulus side (Fig. 1) , whereas the ipsilateral response appeared 34.8 AE 3.5 ms after the stimulus (Fig. 1,  Table 1 ). Hoshiyama et al. [13] previously found N20m-P20m at 21.3 AE 1.7 ms due to a posterior-oriented current in the hemisphere contralateral to the stimuli. We believe that this N20m-P20m response corresponds to the P23m response in the present study.
Stimulus parameters:
The present study used a stronger intensity and lower frequency for the stimuli than in previous studies of trigeminal SEP and SEF. Previously, electrical stimuli were delivered between 0.4 and 4 Hz, and at intensities of 2 or 3 times sensory threshold [5±14]. These parameters may be insuf®cient in the light of our experience (Fig. 1, Fig. 2) . Wikstrom et al. [19] reported that an interstimulus interval between 0.3 and 5 s hardly affected the amplitude of the initial response (N20) of the median nerve SEP. In contrast, longer interstimulus intervals evoked a larger amplitude of N15m in the present study. The mechanoreceptor involved in lip stimulus may have a refractory period which is avoided by the longer interstimulus interval. Biphasic waveforms for the electrical stimulus are also helpful to reduce artifacts.
Sensor coil con®guration:
The planar type gradiometer used in the present study may be useful to detect the initial cortical response of trigeminal SEFs. Kunuutila et al. [15] compared the performance of the planar type gradiometer with that of axial gradiometer arrays in a simulation study using a spherical model with uniform distribution of random dipoles to simulate the background activity of the brain, that is brain noise. They reported that the planar gradiometer was substantially less sensitive to brain noise than the axial gradiometer and consequently the signal-tonoise ratio was improved in the presence of brain noise.
Signi®cance of the initial cortical somatosensory response: The generator of the initial cortical response of the median nerve SEP (N20) is well established [1, 2] . However, the generators of the subsequent responses remain controversial [1±3] . The generator of N20 for median nerve stimulation is located in Brodmann's area 3b in the posterior bank of the central sulcus based on scalp electroencephalography (EEG), cortical EEG [1, 2] , transcortical EEG [1] and MEG studies [3] . In contrast, the cortical generator of the P30 response due to a tangential current dipole following the N20 may be located in area 3b [1] , area 4 [2, 3] , areas 1 and 2 [2] and/or area 3a [4] . Therefore, the ®rst cortical SEP is the most appropriate at present to map functions of the primary somatosensory area.
Signi®cance of localization of the lip area: Localization of the primary sensory cortex is important for presurgical evaluations [4] . Resection of the hand sensory cortex provokes abnormal deep sensations and permanent loss of ®ne ®nger movement. In contrast, the face sensory cortex can be resected without serious sensory de®cits. Trigeminal SEFs can provide more detailed information about presurgical functional brain mapping noninvasively in combination with the already established SEFs for the median nerve [3] , ulnar nerve and digits [20, 21] .
CONCLUSION
The initial cortical SEF response (N15m) for lower lip stimulation has a latency of 14.6 AE 1.3 ms. The current dipole is located on the posterior bank of the central sulcus with anterior±superior orientation and inferior to the N20m SEF response for median nerve stimulation. The N15m and P28m, the second response, were detected over the contralateral hemisphere, although the ipsilateral response was measured with a latency of 34.8 AE 3.5 ms.
